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Abstract
Lamination processes are a wide spread method to generate polymer multilayer foils where foils with different functions are 
stacked on top of each other. However, the process is limited to compatible materials because sufficient adhesion between the 
different layers relies on the interdiffusion of polymer chains from one material to the other. In this paper, we report on a new 
reactive lamination process which leads to a stable connection between sheets of poly(methyl methacrylate) (PMMA) and a 
cyclic olefin copolymer (COC). This connection is mediated by using a compatibilizing layer consisting of a photo- or 
thermoreactive PMMA-copolymer. These polymers generate chemical bonds to both foils, leading to a strong adhesion between 
them. Initial tests show that the adhesion between the two foils is typically stronger than the cohesion of the weaker of the two 
materials.
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1. Introduction
The lamination of polymer foils is a standard process in industry seeing many applications which range from the
sealing of food bags to the manufacturing of plastic cases for electronics [1, 2]. This process is also interesting for 
the generation of polymer based micro-optical systems to generate multilayer foils which carry the optical 
components and additional functions which provide scratch resistance, anti-fingerprint barriers or improved wetting 
behavior, haptics or tribological properties. In all standard lamination processes, two chemically identical foils are 
joined together by heat and pressure. During the process the polymer is locally heated above its glass transition 
temperature (Tg). In some cases a solvent is used to act as a plasticizer, i.e. to lower Tg of the material to values 
below room temperature [2]. Under the applied pressure the partially melted materials come into very close contact 
and start to mix as polymer chains from both components diffuse across the boundary and entangle [1,2]. As a 
result, the two foils are essentially fused into one monolithic material, the interface between the two foils vanishes
and is replaced by an interphase consisting of partially mixed materials [3]. This process is shown in Figure 1a.
Problems arise as soon as two chemically rather different materials are to be connected to each other [4]. Such 
processes are, however, required for the generation of all foil based polymer optronic systems. Here, waveguides
(claddings as well as the actual waveguide) need to be fixed on carrier foils, claddings need to be built up and such 
components need to be contacted to optical sensor couplers. Last but not least, the final foil needs to be protected 
against adverse influences of the environment. The materials for these components are dictated by the mechanical 
and - most importantly - optical requirements of the system. Accordingly, many different materials need to be 
connected to each other and good adhesion between these materials is a key requirement. Lamination in its original 
sense - as outlined above - is not directly suited for such purposes because it relies on a partial mixing of polymer 
chains from both components. In polymeric systems, however, the entropy of mixing is always rather small and 
cannot compensate unfavorable enthalpic situations. Accordingly, most polymeric materials are immiscible or in 
other words incompatible with each other [5]. Especially the optically very interesting material COC cannot be 
laminated to many other materials [2].
a) b)
Fig. 1. ( a) Conventional lamination process. Upon heat and pressure the two foils melt partially and chains from both sides mix and entangle. 
(b) Reactive lamination process. Chains from both sides may not mix but are connected via reactions across the boundary. Note, that the two 
colors used in (a) do not denote different materials but are only chosen to illustrate the origin of the respective polymer chains. The process 
shown in (b) is suitable for connecting chemically dissimilar materials.
In some cases, a strong interdiffusion of the polymer chains of the two materials might not even be desirable as in
some optical components, sharp interfaces are needed. For example, a steep change in the refractive index between 
the core and its cladding is mandatory for the performance of a waveguide. Additionally, it is of utmost importance 
that this situation remains stable over the whole lifetime of the device. Conventional lamination generates an 
'interphase' between the polymer materials over which the diffraction index changes gradually. Over time and 
especially at elevated temperature, this 'interphase' can either expand and severely reduce the waveguides lifetime in 
the case of miscible polymers, or it can decompose under stress, resulting in delamination and destruction of the 
waveguide.
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To address the issues mentioned above, we develop a reactive lamination process that provides the connection 
and adhesion between the two materials not via interdiffusion of polymer chains, but through chemical bonds that 
are formed across the interface. A schematic description of the system is shown in Figure 1b. The energy required to 
trigger this reaction is either provided by the heat applied during lamination or by UV light of suitable wavelength. 
This approach requires reactive groups at the interface of the two components. These are provided by copolymers 
which are chemically identical to one material used for lamination. In addition, they carry the mentioned reactive 
group in small quantities which establishes the chemical bond across the interface.
One general approach for such a reaction and the respective functional groups needed at the interface are two 
compatible groups provided from both sides of the interface. Typical examples for such systems are cyclization 
reactions of various kinds including dimerizations, Diels-Alder-type reactions or so-called click chemistries [6-15].
We decided to use a somewhat different approach which is based on C,H insertion reactions of excited species 
such as biradical triplets, nitrenes or carbenes [16-21]. These are generated either through thermal or photochemical 
activation from aromatic ketones as benzophenone or anthraquinone, azides such as sulfonyl azides or 
diazocarbonyls to name only some of the possible chemical entities in this regard [16-21]. The reaction partner of 
these reactive components is always a C,H moiety which is present in abundant quantities in any polymer. It does 
not need to be specifically incorporated and it is, hence, sufficient to trigger the reaction from only one side of the 
interface. Figure 2 shows such a reaction for a sulfonyl azide group as an example.
Fig. 2. C,H insertion reaction between two polymer chains. The reaction can be triggered thermally or through photochemical activation of the 
azide group. In both cases the azide first eliminates nitrogen to form a nitrene which then inserts into a neighboring C,H bond [16,19].
In this contribution we describe the synthesis and characterization of two different reactive polymers based on 
poly(methyl methacrylate), PMMA, and either a sulfonyl azide, and benzophenone or an anthraquinone reactive 
group [18-21]. These polymers where then used as intermediate layers to connect plates and foils of PMMA and 
COC. These two polymers were chosen due to their prominent role in optical applications [22] and their 
incompatibility.
2. Results and Discussion
2.1. Synthesis of Reactive Copolymer Systems
Polymers with photoreactive groups have been generated from suitable monomers carrying these groups and 
methyl methacrylate, MMA, via standard free radical polymerization. The contents of reactive groups in the 
copolymer systems varied between 2 and 4.5 mol%. Figure 3 summarizes the synthetic pathways for sulfonyl azide 
polymers [19] (a) and anthraquinone polymers (b). Benzophenone polymers where synthesized as shown in b by 
replacing the 2-hydroxy anthraquinone with 4-hydroxy benzophenone [18]. All steps were performed following 
standard procedures as explained in the experimental section. 
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a)
b)
Fig. 3. Synthetic pathways for a) sulfonyl azide polymers and b) anthraquinone polymers. Reaction details are given in the experimental 
section [19].
2.2. Photoreactive Polymer Systems
Poly(methyl methacrylate) (PMMA) copolymer systems containing photoreactive groups like methacryloyloxy
benzophenone (MABP) or acryloxy anthraquinone (AOAQ) can be activated with UV-light at 254 or 365 nm. Upon 
illumination, biradicaloid triplet states are generated. These biradicals may then react with C,H groups either from 
neighboring, chemically identical chains or from a second material, provided that is located in the immediate 
vicinity.
In a simple experiment, we cast droplets of these materials onto a commercially available foil made from a cyclic 
olefin copolymer (COC 8007 from TOPAS®, COC). The foil was coated with pure PMMA (no reactive groups),
PMMA containing 4.5% or 2.1% AOAQ, respectively, and PMMA with 2.5% MABP. After irradiation at 254 nm 
(I=4.6 mW/cm2) for 30 min, the COC-foils were placed in ethyl acetate, which is an appropriate solvent for PMMA 
polymers. Pure PMMA without any photoreactive groups, and therefore no ability to crosslink or attach chemically 
during irradiation, acted as a reference sample. In all samples, this PMMA spot was dissolved within 20 min, 
whereas the other photoreactive PMMA samples were not soluble but remained on the COC surface without any 
visible change. Photographs before and after extraction are shown in Figure 5.
a) b)
Fig. 4. Photoreactive copolymer systems (a) PMMA-co-MABP; (b) PMMA-co-AOAQ. The content of the photoreactive groups MABP and 
AOAQ were varied between 2.1 and 4.5 mol%.
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Fig. 5. COC foil coated with different polymer systems (left to right): PMMA, PMMA-4.5%-AOAQ, PMMA-2.1%-AOAQ and PMMA-2.5%-
MABP. (a) Polymer spots after photochemical activation at 250 nm for 30 min. (b) after extraction in ethyl acetate for 4 h. The spot made from 
pure PMMA (left spot) was completely dissolved.
a) b)
Fig. 6. UV-spectra of (a) PMMA-4.5%-$2$4DIWHUGLIIHUHQWH[SRVXUHWLPHVȜ QP, P:FPEGLIIHUHQWSRO\PHUIRLOV of different 
thickness as indicated in the figure legend.
The applicability of these photoreactive polymer systems for a reactive lamination process as described above is,
however, restricted to substrates (or foils) which are highly transmissive in the wavelength range from about 230 nm 
to 380 nm because the maximum of the absorption band for activating the AOAQ- and MABP-groups in the 
polymer system is around 260 nm. Figure 6 compares the UV absorption spectra of an AOAQ copolymer during 
illumination to the spectra recorded from standard polymer foils of various thickness. Most of these foils contain 
additives to regulate mechanical properties and to provide an enhanced UV stability. These additives absorb light in 
the desired wavelength range. COC does not need such additives, and any lamination that involves this material can 
be triggered photochemically. In all other cases, light cannot sufficiently penetrate through the foil to allow for a 
connection within feasible times. Such combinations require a thermal process as described in section 2.2. 
Fig. 7. Experimental procedure for the connection of two polymeric slides (COC or PMMA) via a compatibilization layer. One slide was coated 
with the reactive polymer and the second was clamped over this coating with an offset as shown above.
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In initial experiments, we used the above described materials to attach COC substrates to other COC and PMMA 
(99524 GT) substrates. For these experiments, we used microscopy slides as model substrates. As shown in Figure 
7, the COC substrates were coated in one location with the reactive polymers PMMA-2.1%-AOAQ, PMMA-2.5%-
MABP or - as a reference - with pure PMMA. The second substrate was put on top as shown and clamped in place. 
This assembly was then illuminated at 250 nm for 60 min. Illumination took place through the COC slide.
As expected, no stable attachment was obtained using compatibilization layers consisting of pure PMMA without 
photoreactive groups. The substrates fell apart during removal of the clamps. However, good results concerning the 
stability of COC/COC and COC/PMMA substrates could be achieved through this procedure. Comprehensive
mechanical tests are yet to be performed but some initial stress/strain experiments indicate that separation forces of 
the order of 200 to 500 N are needed to break the connection. In many cases, the slides themselves broke (cohesive 
failure) while the laminated interfaces remained stable.
2.3. Thermoreactive Polymer Systems
In another set of experiments, we explored the use of thermally reactive polymers for direct lamination of 
incompatible COC and PMMA foils. A polymer with sulfonyl azide groups was used. These were incorporated into 
PMMA at a molar ratio of 2.5%. A solution of this polymer (20 mg/ml in ethyl acetate) was spray coated onto the 
PMMA foils and then laminated with COC foils at 160°C and a lamination speed of 1 m/min. This process was 
followed by a final curing step at 160°C for 60 min to ensure complete reaction. These conditions were chosen 
based on previous studies on the thermal decomposition of the sulfonyl azide group [17,19]. As a reference, the 
same procedure was repeated using pure PMMA (i.e. a polymer without the reactive group). 
Figure 8 shows a typical example prepared as described above. As an internal reference, the PMMA foil was only 
partially coated with the reactive polymer. A stable bonding between the two incompatible foils was obtained only 
in the coated area of the sample. Any attempts to separate the foils led to a failure in the weaker of the two materials
which indicates that the adhesion strength between the two materials exceeds the cohesive stability of its 
components. This can be seen in Figure 8 at the frontier between coated and uncoated area, where the upper PMMA 
foil turned white due to crazing.
Fig. 8. COC and PMMA laminated foils (length: ca. 6 cm). The foils were partially coated with PMMA-2.5%-SSAZ as indicated, laminated at 
160°C and 1 m/min followed by a baking step of 1h at 160°C. Adhesion is only found in the coated areas.
1 cm
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3. Conclusions
In this paper we describe a novel reactive lamination process which is based on a chemical reaction at the 
interface of two incompatible polymers. Several reactive copolymers have been synthesized that can act as an 
interlayer that reacts and binds to both foils that are to be laminated. The triggers for these reactions are either 
provided through the heat of the lamination process or by UV light of suitable wavelength after lamination. In the 
latter case, we found that many commercially available foils are not suitable due to additives which absorb rather 
strongly in the wavelength range feasible for the process. However, some systems like COC foils are transmissive 
enough for this process and in many other cases certain varieties without additives might be available. These 
problems were not found for thermally triggered reactions. Here, different incompatible materials could be
successfully bound together.
In summary, a proof of principle could be demonstrated for both systems. Further studies are needed to quantify 
the strength of the connection. Also, all procedures and materials need to be developed further to allow for a more 
reproducible process at significantly lower processing times.
4. Experimental Section
4.1. Materials
Methyl methacrylate (MMA) was purchased from Sigma-Aldrich. The stabilizer was removed by filtration over
basic aluminium oxide. The monomer was further purified by recondensation.
Azobisisobutyronitrile (AIBN) (Sigma-Aldrich) was recrystallized from ethanol. All other chemicals and solvents 
(Sigma-Aldrich, VWR or Carl Roth) were used as received.
4.2. Synthesis of the reactive comonomers
4.2.1. Methacryloyloxybenzophenone (MABP) [18].
4-Hydroxybenzophenone (20.00 g, 101 mmol, 1.0 eq) was suspended in dichloromethane (200 ml) and cooled 
with an ice bath. After addition of triethylamine (15.5 ml, 112 mmol, 1.1 eq) a homogenous solution was obtained. 
Methacryloyl chloride (10.2 ml, 105 mmol, 1.0 eq) was dissolved in dichloromethane (40 ml) and dropwise added to 
the solution. After stirring the reaction mixture overnight at room temperature the organic layer was washed several 
times with hydrochloric acid (0.1 M), water, sat. NaHCO3-solution and again with water. The organic layer was 
dried over Na2SO4 and ¾ of the solvent were removed under reduced pressure. The resulting solution was added 
drop-by-drop to cooled n-hexane and stored at the fridge for crystallization. The isolated MABP crystals were dried 
in vacuum. 1H-NMR (250 MHz, DMSO-GįSSP-7.40 (m, 9H, C-Har), 6.34 (s, 1H, CH=CHH), 5.97 (s, 
1H, CH=CHH), 2.04 (s, 3H, CH3).
4.2.2. Acryloxyanthraquinone (AOAQ).
The reaction was carried out in a nitrogen atmosphere. 2-Hydroxyanthraquinone (4.00 g, 17.8 mmol, 1.0 eq) was 
dissolved in THF (600 ml) and triethylamine (4.9 ml, 35.7 mmol, 2.0 eq) was added. Subsequently, a solution of 
acryloyl chloride (2.9 ml, 35.7 mmol, 3.0 eq) in THF (20 ml) was slowly added and the reaction mixture was stirred 
overnight. The solid was filtered and washed with THF. The solvent was removed under reduced pressure and the 
raw product was purified via column chromatography (hexane/ethyl acetate=9/1). Slightly yellow fibers of AOAQ 
were isolated. 1H-1050+]&'&OįSSP-7.55 (m, 7H, C-Har), 6.69 (dd, CH=CHH), 6.37 (dd, 1H, 
CH=CH2), 6.11 (dd, 1H, CH=CHH).
4.2.3. 4-Sytrenesulfonylchloride (SSC) [19].
The reaction was carried out in a nitrogen atmosphere. Sodium-p-styrenesulfonate (10.0 g, 48.5 mmol, 1 eq) was 
added to dimethyl formamide (30 ml) and cooled to 0°C. After dropwise addition of thionylchloride (20 ml, 275.0 
mmol, 6 eq) the reaction mixture was stirred for 30 min at 0°C and 1 h at room temperature until a homogenous 
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solution was obtained. The solution was slowly added to crushed ice and the aqueous layer was extracted several 
times with diethylether. The combined organic layers were dried over Na2SO4 and the solvent was removed under 
reduced pressure. 1H-NMR (250 MHz, CDCl3) G (ppm) = 7.99 - 7.94 (m, 2H, CHarCqSO2Cl), 7.61 - 7.56 (m, 2H, 
CHarCqCH=CH2), 6.78 (dd, 3J = 11.0 Hz, 3J = 17.5 Hz, 1H, CH=CH2), 5.96 (d, 3J = 17.5 Hz, 1H, CH=CHHE), 5.54 
(d, 3J= 11.0 Hz, 1H, CH=CHHZ).
4.2.4. 4-Sytrenesulfonylazide (SSAZ) [19].
The previously obtained SSC (5.4 g, 26.6 mmol, 1 eq) was dissolved in acetone (70 ml) and water (70 ml) was 
added. The reaction mixture was cooled to 0°C and sodiumazide was added in small portions. The reaction mixture 
was stirred at 0°C until complete conversion as indicated by DC, hexane/ethyl acetate=15/1). The acetone was 
removed under reduced pressure and the aqueous layer was extracted several times with diethylether. The combined 
organic layers were dried over Na2SO4 and the solvent was removed under reduced pressure. A yellow oil was 
obtained. 1H-NMR (250 MHz, CDCl3) į (ppm) = 7.93 - 7.89 (m, 2H, 2 × CHarCqSO2N3), 7.63 - 7.59 (m, 2H, 2 × 
CHarCqCH=CH2), 6.78 (dd, 3J = 11.0 Hz, 3J = 17.5 Hz, 1H, CH=CH2), 5.95 (d, 3J= 17.8 Hz, 1H, CH=CHHE), 
5.52 (d, 3J= 10.8 Hz, 1H, CH=CHHE).
4.3. Polymer synthesis [18,19].
In a typical polymerization process, methyl methacrylate MMA (2 mol/l), Azobisisobutyronitrile AIBN (0.1 mol
%) and the corresponding reactive comonomer (MABP, AOAQ or SSAZ) were dissolved in ethyl acetate or toluene. 
After four ‘freeze and thaw’-cycles to remove oxygen, the polymerization tube was placed in a preheated waterbath 
(60°C) for 16-20 h. The polymer was precipitated by dropwise addition of the reaction solution to a 10-15fold 
excess of cold methanol. The polymer was again dissolved in chloroform and the precipitation cycle was repeated 
two more times. After filtration the polymers were dried in vacuum.
4.4. Photochemical lamination of COC and PMMA slides.
The cyclic olefin copolymer (COC) substrates were purchased from Microfluidic Chipshop (Jena, Germany) and 
the poly(methyl methacrylate) (PMMA) substrates from Form.in displays (Heitersheim, Germany). The substrates 
were cleaned in an ultrasonic bath in methanol (COC) and isopropanol (PMMA) for 10 minutes.
Solutions of PMMA-2.1%-AOAQ, PMMA-2.5%-MABP or pure PMMA in ethyl acetate with concentrations of 
30 mg/ml were prepared. Using 0.2 ml of this solution a 3 cm2 large area of the cleaned COC substrate was coated. 
After evaporation of the solvent a highly viscous polymer film was obtained and the second substrate (COC or 
PMMA) was clamped to this coated area. These samples were then illuminate for 60 min (exposure from the COC 
substrate) in a Stratalinker (Stratagene company) at 250 nm (I= 4.6 mW/cm2).
4.5. Photochemical lamination of COC and PMMA foils.
COC foils (TOPAS-8007) were welded to PMMA foils using the thermoreactive copolymer PMMA-2.5%-
SSAZ. A solution of 20mg/ml PMMA-2.5%-SSAZ in ethyl acetate was spray coated onto a PMMA foil. This foil
was then laminated to the COC at 160 °C at a speed of 1 m/min. Subsequently, the samples were cured at 160 °C for 
60 minutes. Reference experiments were performed following the same procedure but using PMMA without 
reactive groups.
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